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variation of the pentose phosphate pathway found in this organism. The other 10% of the substrate was converted to pyruvate by way of the EntnerDoudoroff pathway. Calculations of the energy available by the above combination of pathways indicated that about 2.3 moles of adenosine triphosphate per mole of 2-ketogluconate could be obtained if the energy available in acetate formation is conserved through the acetokinase reaction.
It was previously reported that Streptococcus faecalis 1OCl grown on gluconate was able to ferment 2-ketogluconate (Sokatch and Gunsalus, 1957 (Blakley and Blackwood, 1957) . Gluconate fermentation by S. faecalis occurs by a mixed pathway, where half of the substrate is oxidized to carbon dioxide and pentose phosphate and the other half is converted to pyruvate and triose phosphate by way of 2- keto-3-deoxy-6-phosphogluconate. 2-Ketogluconate fermentation by L. mesenteroides probably occurs by decarboxylation to pentose phosphate and carbon dioxide, followed by phosphoketolase cleavage of pentose phosphate to acetyl phosphate and triose phosphate.
This report describes studies of growth yields, fermentation balances, and product labeling obtained during growth on, or resting cell fermentation of, 2-ketogluconate by S. faecalis.
MATERIALS AND METHODS
Microbiological methods. The organism used in these studies was S. faecalis 1OCl, which was maintained and grown in mass culture as previously described (Sokatch and Gunsalus, 1957) . Because no growth was obtained when 2-ketogluconate alone was used, a combination of 30 g of sodium gluconate and 10 g of potassium 2-ketogluconate was used per 15 liters of AC medium (Wood and Gunsalus, 1942) . Yield of cell dry weight per Amole of 2-ketogluconate was also done according to published methods (Sokatch and Gunsalus, 1957) , with the use of the basal medium of O' Kane and Gunsalus (1948) . When carbon dioxide was trapped during growth (Table 1) , the growth tube was fitted with a gassing device which allowed the carbon dioxidefree nitrogen to be bubbled through the medium during growth. The gas leaving the growth tube was bubbled through standard 0.25 N barium hydroxide which was about 0.085 M in barium chloride (Steele and Sfortunato, 1949 300 Mmoles of potassium phosphate buffer (pH 6.0), and cells, equivalent to about 80 mg (dry weight) in a final volume of 3.0 ml. The reaction was followed by measuring carbon dioxide evolution. Large-scale experiments with labeled substrates were done in glass tubes (25 by 200 mm) fitted with a gassing attachment. Nitrogen gas was bubbled through the reaction mixture, and the evolved carbon dioxide was trapped in barium hydroxide-barium chloride, as previously described. A typical reaction mixture in this case would contain 500 ,moles of potassium 2-ketogluconate, 4.0 mmoles of potassium phosphate buffer (pH 6.0), and about 400 mg (dry weight) of cells in a final volume of 24 ml. The fermentation was allowed to proceed for 4.5 hr; the cells were removed by centrifugation in the cold after the addition of 2 ml of 10 N sulfuric acid.
Chemical methods. Glucose-I-and -2-C'4 were purchased from Nuclear-Chicago Corp. (Des Plaines, Ill.). Sodium m/Ac of 2-ketogluconate-l-C'4.
acid was then steam-distilled and titrated with standard base. Degradation of labeled compounds. Total oxidations were done with the persulfate method as previously described (Sokatch and Gunsalus, 1957) . Alcohol was separated from the fermentation mixture, as described above, and oxidized to acetic acid for degradation. Acetic acid was degraded according to the method of Phares (1951) , except that carbon dioxide was absorbed directly in the barium hydroxide-barium chloride mixture. After the removal of alcohol, the volatile acids, acetic and formic, were removed by steam distillation and titrated with standard base. The steam distillate containing the acid salts was concentrated in an oven at 100 C. Formic acid was oxidized selectively according to the mercuric oxide procedure of Osburn, Wood, and Werkman (1933) . This method does not produce oxidation of either acetic or lactic acids. Carbon dioxide from formic acid oxidation was absorbed directly in the barium hydroxide mixture, as already described. Acetic acid was recovered from the mercuric oxide oxidation procedure by steam distillation. The steam-distillate fractions were titrated with standard sodium hydroxide, combined, and taken to dryness in an oven at 100 C.
The dried sodium salt was used in the Phares (1951) modification of the Schmidt reaction as described for alcohol. Lactic acid was degraded in the experiments in which arsenite was used. Lactic acid was extracted from the fermentation mixture by continuous ether extraction for 48 on July 7, 2017 by guest http://jb.asm.org/ Downloaded from hr. To separate lactic acid, the extract was chromatographed on silicic acid (Steele, White, and Pierce, 1954) , and lactic acid was degraded as lpreviously described (Sokatch, 1960 A solution of 1 g of urea in 50 ml of water and 13.5 g of calcium carbonate, both of which had been autoclaved separately, was added to the production flask at the time of inoculation. Incubation was at 37 C, with aeration and stirring. When the labeled substrates were prepared, 50 Pc of glucose-C14 were added the day after the production flask was inoculated. The medium was tested daily for the disappearance of glucose and the appearance of 2-ketogluconate by chromatographing a sample of the flask contents on short strips of Whatman no. 1 paper in tubes (25 by 200 mm) with methyl alcohol, ethyl alcohol, and water, 9:9:2 (Stokes and Campbell, 1951) . The papers were sprayed with o-phenylenediamine (De Ley, 1954) . WVhen the glucose had disappeared completely, generally after about 7 to 8 days, the cells and calcium carbonate were removed by centrifugation at 12,100 X g in a Servall RC-2 centrifuge for 10 min.
The clarified medium was concentrated with the aid of a rotarv evaporator to about 100 Ohle and Berend (1927) and melted at 109 to 110 C, the reported melting point being 108 C. The analytical data fit either potassium 2-ketogluconate or 5-ketogluconate. The latter possibility was ruled out when the periodic acid oxiidation technique of Juni and Heym (1962) The lack of stimulation of growth on 2-ketogluconate by glucose was further investigated. Because it was known that resting-cell fermentation of 2-ketogluconate by S. faecalis produces carbon dioxide, growth of the organism in the presence of 2-ketogluconate-1-C"4 and either glucose or gluconate and measurement of the C14 content of the evolved carbon dioxide was used as an index of 2-ketogluconate fermentation (Table 1 ). In the case of 2-ketogluconate-1-C'4 alone, or in the presence of glucose, no C'4 was recovered in the evolved carbon dioxide. In the case of 2-ketogluconate-1-C'4 plus gluconate, 62 % of the C'4 was recovered in the evolved carbon dioxide, and the yield of carbon dioxide was also increased. It thus appears probable that glucose represses the utilization of 2-ketogluconate.
Growth of S. faecalis in graded amounts of gluconate with 5 ,umoles/ml of 2-ketogluconate resulted in more growth than would be expected from gluconate alone and with a slope about twice that obtained with gluconate alone (Fig. 1) . Similarly when the gluconate concentration was kept constant at 5 ,moles per ml and 2-ketogluconate was varied, the increased amount of growth was found to be proportional to the concentration of 2-ketogluconate. In the study of the gluconate fermentation, it was observed that the addition of 10-3 M arsenite altered the fermentation, so that the proportion of clastic products was very small (Sokatch and Gunsalus, 1957) . The mechanism by which this occurs is not clear because lipoic acid was not implicated in this reaction. The same effect was observed in the case of the 2-ketogluconate fermentation (Table 3 ). Carbon dioxide production was unaffected, but the yield of lactic acid was raised from 0.19 moles per mole of 2-ketogluconate to 1.33 moles per mole of 2-ketogluconate. phosphates from 2-ketoglzuconate-2-C;('4; 3 moles of 2-ketogluconate-2-C'4 are converted to 3 moles each of carbon dioxide and pentose phosphate-1-C14. The latter are converted to hexose and triose phosphate, with the indicated labeling pattern, by means of the sedoheptutlose diphosphate pathway found in this organism (Sokatch, 1960 (Sokatch, , 1962 . The usual sequence of transketolase and transaldolase would also provide the same labeling pattern. Hexose and triose phosphates are then converted to pyruvate-1 ,3-C14 by the usiual Embden-Mleyerhof pathway enzymes.
Product labeling in 2-ketoglucon.ate-1 -C01 fermentation. Resting-cell fermentation of 2-ketogluconate-1-C'4 resulted in production of carbon dioxide with a C'4 concentration nearly six times that obtained in the total oxidation of 2-ketogluconate (Table 4) . About 10%7f of the total isotope was found in formate, but no other compound was significantlyI radioactive. Fermentation of 2-ketogluconate-2-C'4 resulted in radioactive formate and methyl carbons of acetic acid and ethanol. Some of the ra(lio isotope was also found in the carboxyl carbon of acetic acid and in the carbinol carbon of ethanol. These results are best interpreted as (lecarboxylation of 2-ketogluconate to pentose and conversion of the pentose to hexose p)hosphate. Starting with 2-ketogluconate-2-C'4, this pathway would result in pyruvic acid with radioactivity in the methyl and carboxyl carbons in the ratio of 2:1. Figure  2 demonstrates the formation of labeled hexose and triose phosphates from 2-ketogluconate-2-C'4. Pyruvate, with the indicated labeling pattern, Table 4 with the exception that fermentations were done in the presence of 10-3 M arsenite. (Entner and Doudoroff, 1952) which would produce pyruvate labeled in the carboxyl group. These same fermentation studies were repeated in the presence of 10-3 M arsenite; in this case, the isotope distribution of lactic acid was studied ( The failure of S. faecalis to grow on 2-ketogluconate alone is not understood. The ability of the organism to ferment 2-ketogluconate in the resting-cell experiments wTithout added gluconate indicates that a complete pathway exists for the metabolism of 2-ketogluconate in the cells used. On the other lhand, the apparent stoichiometric requirement for gluconate during growth suggests that gluconate is somehow involved in energy metabolism of 2-ketogluconate, possibly in the early stages of metabolism. This may cause some revision in the preceding calculations of energy yield.
The conversion of a rather large proportion of 2-ketogluconate to ethanol, acetic acid, and formic acid recalls the fermentation of galactose by S. pyogenes (Steele et al., 1954) and S. faecalis (Fukuyama and O'Klane, 1962) . T'his phenomenon was explained by Eisenberg and O'Kane (1963) as a result of a coIm1petitioIi for nicotinamide adenine dlinucleotide (NAI)) by lactic dehydrogenase and uridine diphosphate galactose 4-epimerase, with the resuilt that the NAD)-nonrequiring elastic system is favored in the competition for pyruvate. Ak similar situation can be visualized in the case of the 2-ketogluconate fermentation, because there is reason to believe that the initial steps in the fermentation involve reduction of the substrate, probably with a pyridine nucleotide cofactor.
